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ABSTRACT
Solid oxide fuel cells (SOFCs) are currently attracting tremendous interest

because of their huge potential in stationary heat and power generation.
Currently SOFCs utilize Yttria stabilized zirconia as electrolyte material that
works efficiently from 800-1000°C. The major current impediment of
commercializing SOFCs is their high cost that results from high operating
temperature. The need at this stage is to develop such materials that can offer
better ionic conductivity at low temperature. Pure Ceria is poor ionic conductor
but its conduction properties can be greatly enhanced by doping it with some
trivalent rare earth atom such as Neodymium (Nd). In literature, there is not
enough data available for Neodymium doped Ceria (NDC) electrolytes that can
be a substitute for YSZ as they provide higher ionic conductivity at low
temperatures. In this dissertation, two compositions CeggoNdy 200190 (NDC20)
and Ceg7sNdo 2501875 (NDC25) were initially selected to investigate the
structural and electrical properties of Neodymium doped ceria electrolyte using
sol-gel route. X-ray diffraction (XRD) and scanning electron microscope (SEM)
results showed that powder particles containing cubic fluorite structure with
homogenous and spherical shape with an average size of 1.1 um were formed at
pH10. DC electrical conductivity values for NDC25 and NDC20 were found to
be 7.9x10™ S/cm and 3.67x107° S/cm respectively at 650°C. We further enquired
the effect of small amount of Sm, Y and K,CO3; to improve the conduction
mechanism in NDC25. Conductivity of NDC25 greatly improved by adding
small amount of Sm with composition of Ceg75S5mg 15Nd0 1001 875 (SNDC) and Y
with composition of Cey75Y0.15Nd01001875 (YNDC) at 700°C . It was also
depicted that Sm and Nd are best co-dopants for Ceria. K,CO3 was added into
NDC25 with 10 and 20% by volume. It was observed carbonates greatly
increased the conductivity values of NDC25 from 7.9x10™ S/cm to 1.03x10°
S/cm. The sequence in the conductivity values at 700°C found to
be KNDC20>KNDC10>SNDC>YNDC>NDC25>NDC20.
Key words: SOFC, Doped Ceria, Conductivity, Lattice Strain, Co-Doping
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Chapter 1
Introduction
1.1. Fuel cells

Since long we have been using fossil fuels to get energy. As Industrial revolution
progressed, contribution to environmental pollutants increased day by day [1]. We all
know that these pollutants play very important role in climate of our planet. Keeping this
view in mind different researchers have tried to find such ways of producing power
which could result into less hazardous pollutants as well as could provide sufficient
power and also it doesn’t depend on fossil fuels. Enormous laboratory level experiments

were carried out to obtain such routes to get energy with minimum level of pollutants.

Fuel cell is one such device that fulfills the requirements of such system [2-4]. It is an
electrochemical device that converts chemical energy of fuel directly into electrical
energy with high power density and higher efficiency[5]. It contains three major
components anode, cathode and electrolyte [6]. It provides power as long as fuel is
supplied to it. As it needs no mechanical parts involved in power production it works
smoothly and doesn’t create any noise. It has the capability to replace internal
combustion engine and can provide power in portable as well as for stationary purposes
[5].

There are various fuel cells types but the most important types of fuel cells are Solid
Oxide fuel cell (SOFC) [7-11], Polymer electrolyte membrane fuel cell (PEMFC) [12—
18], Phosphoric acid fuel cell (PAFC) [19-23], Alkaline fuel cell (AFC) [24-28] and
Molten carbonate fuel cell (MCFC) [29-34]. All these major fuel cell types work on the
same electrochemical principle but they all operate at different temperature regimes,
incorporate different materials, and often differ in their fuel tolerance. Table 1.1
summarizes a brief overview of main fuel cells types along with their advantages and
disadvantages. It is clear from this table that SOFC has more potential for large scale
power production applications as it can be stacked up-to 2MW with power production
efficiency of 60%. Now we will briefly describe the SOFC.



Table 1.1: Comparison of various fuel cell types

Type Operating Stack | Efficiency | Advantages Disadvantages
Temperature Size
()
1kW- Fuel flexible | corrosion
SOFC 1000 2MW 60% Hybrid/ GTL | Long startup time
cycle
Low Expensive
35% temperature membrane and
PEMFC 50-250 1kW- Quick startup | catalyst
100kW Low temperature
waste heat
90-100 10- 55% Low cost CO2 sensitivity
100kw components | Excessive water
AFC removal problem
600-1000 300kW | 45-50% | Highly efficient | Long startup
-3MW Fuel flexible Low power density
MCFC
100- 40% Tolerance to | Pt catalyst
PAFC 175-200 400kW fuels Long startup
Suitable for Low current &
CHP power

1.2 Solid Oxide Fuel Cells (SOFCs)

Solid oxide fuel cells (SOFC), owing to its high operating temperatures, have many

advantages over other types of fuel cells. Its commercialization, however, relies greatly

on its costs and long term durability. By reducing the operating temperature to the

intermediate temperature range, the costs for the balance of plant would be significantly

reduced. The greatest contribution to cell over-potential at this temperature range is to

develop an electrolyte that is highly efficient oxide ion conductor at low to intermediate

temperature range [35]. Fig. 1.1shows the basic principal of a solid oxide fuel cell.

Hydrogen fuel enters from anode where is gets oxidized and produces a pair of

electrons. These electrons pass through as external circuit and reach at cathode where

they reduce the incoming oxygen into oxide ions.
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Fig. 1.1 Operating principal of Solid Oxide Fuel Cell

To complete this electrochemical reaction, these oxide ions have to pass through solid
electrolyte to react with hydrogen ions to produce water at anode side. As these
electrons pass through as external circuit they can be used to get useful power from the
fuel cell. When Hydrogen is used as a fuel and Oxygen as oxidant then the reaction at

anode and cathode will be:

H, s 2H'+2¢ (1.1)

1/20,+ 2H" + 2¢ — > HO (1.2)

Equations 1.1 and 1.2 show the complete anodic and cathodic reactions [36]. The speed
of this electrochemical reaction determines the fuel cell efficiency to generate electric
power. The open circuit voltage of a cell can be calculated using Nernst equation for

above mentioned electrochemical reaction.

E= Eo+RT/4F(In Poy) +RT/2F(In Pria/Piizo) (1.3)

Where,

E = Open circuit voltage



E, = Reversible voltage at standard pressure and operating temperature
R = universal gas constant
F = Faraday constant
E, can be calculated using the following equation
Eo= AG/2F (1.4)
Where,
AG = Gibbs free energy

Since the fuels are normally burnt to release the energy, it would make sense to compare
the electrical energy produced with the heat produced by burning the fuel. This is
described as the change of enthalpy AH. Therefore the efficiency of the fuel cell can be
defined as:

Efficiency = electrical energy produced per mole of fuel x100 (1.5)
AH

As the maximum electrical energy available is equal to AG, then:
Efficiency = AG/ AH (1.6)

There are two different values for AH. For the burning of hydrogen, value of AH is
equal to -241.83kJ/mol. H20 is in gas form and -285.84kJ/mol if in liquid form. The
difference (44.01kJ/mol) between these two values is the mole enthalpy of vaporization
known as the latent heat. The higher value is called the higher heating value (HHV) and
lower value is called the lower heating value (LHV). The theoretical cell voltage is
dependent on operating conditions such as temperature, pressure and concentration of
reactants. The difference between the theoretical cell voltage and the operating voltage
is called overpotential and represents the irreversible losses in a fuel cell. In the non-

ideal case, the actual operating voltage is less than the theoretical voltage because of the



irreversible losses associated with the fuel cell electrochemistry. The actual voltage

output (V) is given by:
V=Eo-IR-7¢-7a (1.7

Where, | is the current through the cell, Ris the cell resistance, and n¢ and n, are the
polarization losses associated with the electrodes. There are three primary irreversible
losses that result in the degradation of fuel cell performance called activation

polarization, ohmic polarization and concentration polarization.
1.3 Current issues in SOFCs

The benefits of solid oxide fuel cells are unambiguous; SOFCs are efficient energy
producers that emit smaller amounts of CO, than most currently available hydrocarbon-
fueled sources. Equally important, they can be adapted to a variety of fuels and might be
the missing link to clean energy production. Indeed, a series of technical obstacles to
SOFC practicality have fallen in recent years, and large- and small-scale products have
begun to be offered. But, SOFCs have a reputation for being finicky divas in the energy
world, and progress in pricing and performance has remained incremental. Significant
market penetration seemingly always is just a decade away. The challenges for the fuel
cell community are to reduce cost and increase reliability. These challenges extend from
the cell itself, to the stack interconnect and seals, to the balance of plant. There has
been a tremendous effort to lower the operating temperature of SOFCs from ~1000°C to
< 800°C, for cost and reliability considerations. Unfortunately, current SOFC
technology must operate in the region of ~800°C to avoid unacceptably high
polarization losses. These high temperatures demand expensive materials for the fuel
cell interconnects and insulation; and significant time and energy to heat up to the
operating temperature. Therefore, development of SOFCs to provide reasonable power
output at lower temperatures would make SOFCs both more cost competitive with
conventional technology, and significantly reduce  start-up times which is critical to

transportation and portable power applications.



1.4 Materials for SOFC components

SOFC contains three major components namely anode, cathode and electrolyte. Each
part has its own characteristics that are necessary for that particular material to be used
in SOFC.

1.4.1 Anode

In early development of SOFC, gold and platinum were used as anode materials but due
to their high cost and low instability, new materials were discovered. Currently Ni-YSZ
cermet anode is widely used in SOFCs. This type of anode material is fabricated by
sintering NiO and YZS powders. In this type of anode, Ni provides electronic
conductivity and catalytic activity and YSZ provides a structural framework and
improves thermal expansion matching. Both Ni and YSZ are also immiscible and non-
reactive over a wide range of temperature. Therefore, this type of anode is chemically
stable even in reducing environment. Ni-YSZ anodes also have some drawbacks. During
prolonged operation of a cell, they show performance degradation. They also have low
tolerance to sulfur impurities present in the fuel. Sulfur poisoning is caused by strong
absorption of H,S on the active sites of Ni, that results reduction in the rate of
electrochemical reaction. Due to these reasons, doped ceria materials are being
developed for SOFC anode material. The major advantage of doped ceria based anode
materials is their ability to deal with carbon deposition, which makes SOFC suitable for

hydrocarbon based fuels as well.
1.4.2 Cathode

The cathode must provide high activity for reduction of Oxygen. SOFC cathode must
provide electronic, ionic conductivity and electrocatalytic activity. As metal based
conductors are not stable in high temperature oxidizing atmosphere, SOFC cathodes are
mostly ceramics. There are various cathode materials available like LSM (LaMnO3),
LSCF and LSM-YSZ. LSM is considered better due to its good chemical stability,
electrical conductivity and catalytic activity. Unfortunately oxide ions conductivity is
low in LSM, therefore LSM based cathode cathodes are mixed with YSZ to make LSM-

6



YSZ composite cathodes because YSZ provides the higher ionic conductivity. LSCF

cathodes on the other hand, are suitable for SOFCs in reduced temperature operation.
LSCF cathodes contain almost 20% Sr and Fe around 80%.

1.4.3 Electrolyte

Electrolyte plays very significant role by allowing oxide ions to pass through to

complete this reaction. Various electrolyte materials have been developed for SOFCs.

Some of the major electrolyte materials are Yttria Stabilized Zirconia (YSZ), Doped
Ceria, LAMOX family (LazMo0,0¢) and LSGM (Lanthanum Gallate). Their brief
comparison is given in
Table 1.2 [36]. It can be depicted from this table that only YSZ and Doped Ceria are
suitable candidates for SOFCs.

Table 1.2: Comparison of electrolytes [36]

Electrolyte Advantages Drawbacks Conductivity
Chemically stable - .
YS7 Better ionic conductor at Low ionic conductivity at 0.14 S/im at
: low temperature 1000°C
high temperature.
: 4+ 3+
Shows higher ionic Reduction of C«_a to Ce .01 S/cm at
Doped L2 under the fuel rich 5
Ceri conductivity than YSZ at . . 500°C for
eria low termperature conditions of the anode side Cer eGdn 10
P of the electrolyte. 09--0.1-1.95
Highest oxide ion conductor. Instability in reducin
Bismuth | Doped 6-Bi,O3 materials atmos heyres g 1 S/cm at
Oxides show improved stability P . 750°C
: Low mechanical strength.
compared to pure Bi,Os.
LAMOX | Suitable in oxidizing Susceptible to reduction. 0.03 S/em at
(LazMo0,0g | conditions and intermediate | Electronic conductivity ' —720°C
) temperatures increases with temperature.
LSGM does not reduce as
LSGM easily as GDC.
(Lanthanu | Its thermal expansion is High cost of gallium 0'078%(8)£E:m at
m Gallate) | relatively low and well

matched to YSZ.

The cubic fluorite structure of Zirconia makes it good oxide ions conductor but it can’t

remain stable [37].Zirconia (ZrO;) exhibits three polymorphs. At room temperature, it

has a monoclinic structure and changes to tetragonal at a temperature above 1170 °C,




and then to the cubic fluorite structure above 2370 °C. Fig. 1.2 shows the cubic fluorite

structure of Zirconia

Fig. 1.2 Crystal Structure of ZrO2

Inclusion with Y,03; makes it stable and even more conductive [36]. By the addition of
Yttria into Zirconia, oxygen vacancies are created which are caused by charge
compensation effects. Yttrium ions disturb the charge balance when they enter into
lattice of Zirconia. By the addition of 8 mol% of dopant, 4% of oxide ions sites become
vacant. Fig. 1.3 [36] shows the oxide ion conductivity graph with respect to
concentration of dopant in ZrO,, Conductivity value increases up to 8%, but when
dopant concentration increase to a certain upper limit, conductivity starts to decrease. By
further inclusion of dopant reduces the ionic conduction behavior in the electrolyte as
the defects start to interact with each other. Association of defects can also cause traps
for vacancies which directly influence ions not to flow easily [37]. Defects ordering can
be minimized by selecting dopants with closer ionic sizes to that of host ions. As YSZ
provides better ionic conductivity at high temperature that creates many design concerns
in SOFC, therefore research is being focused to develop such electrolyte materials that
are better ionic conductor than YSZ even at low temperature. The issue with YSZ is
that, as the temperature decreases the grain boundary resistance increases and impedes
ionic flow which makes YSZ based electrolyte only suitable for high temperature

applications.
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Fig. 1.3 Conductivity of YSZ with respect to concentration of Yttria [36]

Doped Ceria is considered a substitute electrolyte material for YSZ as it is better ionic
conductor even at low temperature. In chapter 2, we will briefly describe why Doped

Ceria is a better option.



Summary

A fuel cell is a device that converts chemical energy of the fuel directly into electrical
energy. Solid oxide fuel cells are best among other types of fuel cells as they can be
stacked up-to 2MW that makes them suitable candidate for large scale power production
applications. The major components of a fuel cell are anode, cathode and electrolyte.
Electrochemical system contains two conjugate half reactions: an oxidation reaction and
a reduction reaction. Upon oxidation of fuel; a pair of electron is liberated that is
consumed at cathode converting oxygen into oxide ions. The open circuit voltage of a

cell is calculated by using following equation:
E=E,+ RT/4F(In Poz) +RT/2F(In PH2/PH20)

Electrolyte helps to flow oxide ions from cathode to anode. Oxide ions conductivity
strongly depends on the electrolyte material. Some of the major electrolyte materials are
Yttria Stabilized Zirconia (YSZ), Doped Ceria, LAMOX family (La;M0,0g) and LSGM
(Lanthanum Gallate). Among these electrolyte materials, YSZ is widely used but its
conductivity is better at high temperature range that is not desirable due to costly
components that can withstand at such a high temperature range. Doped ceria
electrolytes are considered betters substitute for YSZ because of their better ionic

conductivity at low temperature.
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Chapter 2

Why Doped Ceria Electrolytes for
SOFC

2.1 Pure Ceria

Cerium dioxide (Ceria) takes the fluorite crystal structure. The lattice is a face centred
cubic cation sublattice with oxygen ions filling all the tetrahedral interstices. Pure ceria
has a density of 7.22 g/cm® with the melting point of approximately 2477°C and its
specific heat and thermal conductivity is 460 J/kg °C and 0.12 W/cm°C respectively. Fig.
2.1 shows the crystal structure of ceria. Ceria is able to accommodate significant non-
stoichiometry in the form of oxygen deficiency that gives rise to oxygen vacancies. As a
result the material allows for ionic conduction via oxygen vacancy migration, an effect
which can be enhanced through the addition of trivalent dopants. Section 2.2 describes
the oxide ions vacancy creation mechanism in doped ceria by addition of trivalent dopant

ions.

Fig. 2.1 Crystal structure of Ceria
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2.2Vacancy creation mechanism in doped ceria

Pure ceria is a poor ion conductor, for this reason it is doped with some trivalent ion
which introduces charge compensation and enhances the oxide ions conduction [1].
Doped ceria electrolytes have been successfully synthesized and proven electrolyte
materials for SOFCs applications with general formula of Ce;.xMxO.x» (Wwhere M= Gd,
Sm and Nd, and Y etc.) and x represents the dopant concentration. The following reaction

shows the vacancy creation in ceria when it is doped with trivalent atom.
Nd,O3 + CeO, — 2Nd 'ce + Vo“ + 30, (2.1)

Where, Nd"ce represents the Neodymium (Nd) atoms that replace the Ce atoms during

doping and V,"shows the oxide ions vacancy created due to charge compensation.
2.3 Ceria based electrolyte materials

As described in section 2.2, there are various trivalent atoms studied for ceria system.
The purpose of every trivalent rare earth dopant is to increase the conductivity of that
particular electrolyte. The extensively studied equation for oxide ions conductivity is

given by:

OT =0y exp(-Ea/ T) (2.2)
Where,

@ = ionic conductivity

0, = pre-exponential term

E.= Activation energy

T = Temperature

It can be concluded from equation 2.1 that concentration of free vacancies is the function

of temperature. It is very difficult to select optimum dopant concentration. Where E, can
be defined by:

Eﬂ = HE + Hm (23)
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Where,

H,= Association enthalpy between defects and vacancies
H.,= Migration enthalpy

For low to intermediate temperature range the value of association enthalpy should
be small to achieve better conductivity. Association enthalpy can be minimized by
selecting dopant ionic radii close to the host ion [2]. Now we will briefly describe

the suitable candidates for doped ceria electrolytes.
2.3.1 Gadolinium doped ceria (GDC)

Gadolinium has been extensively studied to improve the conductivity of ceria [3-8]. For
this purpose different concentrations of Gd have been widely studied. GDC offers higher
ionic conductivity with maximum dopant concentration of 10-20mol% often abbreviated
as GDC10 and GDC20 respectively. Fig. 2.2 [9] shows the ionic conduction of various
GDC compositions, i. e., 10-25mol%.
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Fig. 2.2 Conductivity of GDC at various concentrations [9]

lonic conduction mechanism depends on many factors in which grain and grain
boundaries are also important parameters. Less resistance offered by grains and grain

boundaries make electrolyte more suitable for ionic conduction. GDC10 has more lattice
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ionic conductivity with the value of 0.01S/cm at 500 °C [10] but GDC20 offers more
total conductivity [11].

2.3.2 Samarium doped ceria (SDC)

The second candidate for doped ceria is samarium which is also considered good ionic
conductor with promising results for SDC20(20mol% dopant) [12]. SDC20 is considered
for its highest conductivity among other doped ceria electrolytes [13]. Fig. 2.3 [13] shows

the conduction properties of SDC with various concentrations of samarium.
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Fig. 2.3 Conductivity of SDC at various concentrations [13]

The optimal dopant concentration for SDC is 20 mole% i.e. CeqgSmg,0; ¢ after which
conductivity starts to decrease with the increase in dopant concentration because of the
increase interaction between the dopant ions and the oxygen vacancies [10]. The ionic
conductivity of CeygSmo 2019 (SDC20) reported at 800 °C is 0.02 S/cm. This is due to
the relative sizes of dopants ions as compared to primary ions they replace. With the
increasing amount of Samarium, the conductivity decreases as the defects association

between dopants ions and oxygen vacancies [10].
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2.3.3 Neodymium doped ceria (NDC)

The next potential candidate for doped ceria based SOFC electrolyte materials is
considered Neodymium (Nd). Neodymium fulfills the requirements upon which a dopant
is selected for ceria lattice. lonic conductivity in doped ceria is highly dependent on the

following factors:

e The defect association enthalpy
e Type of the dopant ion

e Concentration of the dopant ion

The defect association enthalpy can be minimized if the difference between the radii of
dopant ion and the host ion is not so large. The ionic radius value for Nd is 0.983A while
that of Ce* is 0.97A that makes Nd suitable dopant for ceria [14]. For this purpose, effect
of Nd content on the conduction properties of ceria has been studied [15-18]. Fig. 2.4
shows the conductivity curves for various Nd concnetrations [19]. The same case can be
observed for Nd. The conductivity of NDC electrolyte increases with increasing the Nd
content till 25mol% and then starts to decrease. This decrease is due to the increasing
association of defects and oxide ions vacancies that forms traps for oxide ions and

reduces the conduction.
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Fig. 2.4 Conductivity of Neodymium doped ceria [19]
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The vacancy creation mechanism is already described in equation 2.1. Hikmet et al [15]
improved the conduction properties of NDC15 by implying ultrasound assisted co-
precipitation method which are in good agreement with already reported
NDC15(15mol% dopant) with slightly better results but for NDC system higher ionic
conductivity is reported for NDC25 (25mol% Nd) with activation energy of 0.794 ev
[19]. They prepared NDC based electrolytes using nitrate based precursors by co-
precipitation route. We synthesized the NDC with sol-gel route in which we have studied
the effects of pH on the particle size, structure and phase of NDC. We have also studied
the effects of co-doping and carbonates on DC electrical conductivity of NDC based
electrolytes. Studies based on these parameters have not been reported for NDC
electrolyte system. Moreover ND is second most abundantly available rare earth element
after Ce in earth’s crust. Fig. 2.5 shows a comparison of major rare earth elements present
in earth’s crust. It is evident from this chart that Ce is the most abundant element and also
Nd is present in higher amount as compared to Gd and Sm. This makes Nd a favorable

element to be used for doped ceria electrolyte materials [21].
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Fig. 2.5 Abundance of Rare Earth Elements in Earth [21]
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Summary

Ceria has fluorite crystal structure. The lattice is a face centered cubic cation sublattice
with oxygen ions filling all the tetrahedral interstices. Ceria accommodates significant
non-stoichiometry in the form of oxygen deficiency that gives rise to oxygen vacancies.
Pure ceria is poor ionic conductor but when it is doped with trivalent ions, the oxide ions
conductivity increases dramatically. Addition of trivalent ions creates defects in the
lattice and due to charge compensation oxygen vacancies are created. As a result the
material allows for ionic conduction via oxygen vacancy migration. Ceria is also
favorable as the doped ceria provides better ionic conductivity than YSZ at low
temperature. For this purpose, ceria has been widely studies using Gd and Sm with
various concentrations. GDC10 exhibits higher ionic conductivity with value of 0.01S/cm
at 500 °C. 20 mol% of Samarium doped ceria also provide conductivity of 0.02 S/cmat
800 °C. The selection of dopant for ceria depends on the various factors, like defect
association enthalpy, type of the dopant ion and concentration of the dopant ion. The
value for association enthalpy should be small for selected dopant. To obtain better ionic
conductivity, the difference between dopant and host ions radius should be small.
Neodymium fulfills all such requirements for dopant for ceria lattice. Moreover, Nd is
second most abundantly available rare earth element in earth’s crust. This makes Nd most
favorable dopant for ceria. NDC have been synthesized using co-precipitation route but
no one has studied effects of pH on structure, phase and particle size. Data based on co-
doping using Sm and Y for NDC lattice and effects of carbonates on NDC is insufficient

that is the main reason to work in this respective area.
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Chapter 3
Synthesis Methods and
Characterization Technigues

3.1 Wet Chemistry Routes
Various routes have been incorporated to synthesize ceria based electrolyte materials.

Here we will only focus on wet chemistry routes like sol-gel and co-precipitation.

3.1.1 Sol-gel
Sol-gel method is widely used to synthesize nano-particles. Sol is a dispersion of

colloidal particles and gel is a rigid complex network of polymeric chains [1]. In this
method metal alkoxides are mixed in organic solvents. The second approach involves
utilization of metal salts like nitrates and chlorides etc. in which they are dissolved in
water. Metal-inorganic approach for synthesis of particles is much cheaper than
organic approach[1]. The general formula for metal alkoxides is M(OR)x where M is
a metal, mostly Si, Ce, Nd, Sm, Gd, Y and Zr etc. and OR is an alkoxy group
attached to metal atom and X represents the oxidation state of metal. The main
reactions involved in sol-gel technique are hydrolysis and condensation which lead to
polymerization. The first step is the hydrolysis of alkoxy group. The next step is
polycondensation reaction. The result of this reaction is the formation of polymers.
After polycondensation, macromolecular network is formed. A sol is formed in
which macroscopic size has not been achieved by the polymerized structures. A gel
is formed when the bushy structures are formed due to recombination of polymers.
The structure of these polymers are dependent on temperature, hydrolysis ratio,
nature of solvents and that of catalysts, use of nucleophilic reagents and complexing

ligands etc.
Advantages of Sol-gel

e Low temperature processing and consolidation is possible.
e Smaller particle size and morphological control in powder synthesis.
e Sintering at low temperature also possible.

e Better homogeneity and phase purity compared to traditional ceramic method.
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Disadvantages of Sol-Gel Process

e Raw materials for this process are expensive (in the case of metal alkoxides) as
compared to mineral based metal ion sources.

e Products would contain high carbon content when organic reagents are used in
preparative steps and this would inhibit densification during sintering.

e Since several steps are involved, close monitoring of the process is needed.

3.1.2 Co-precipitation

In this method precursors of salts are mixed in a solvent, mostly water. After mixing
of the precursor, rapid precipitation starts by addition of small amount of pH
controller. The resulting reactive mixtures are formed after mixing them for some
time [2]. The solvent used in this technique may be removed by oven drying. For
achieving high homogeneity, the solubility products of the precipitate of metal
cations must be closer [3]. Also, co-precipitation process required to control the
concentration of the solution, pH, temperature and stirring speed of the mixture in
order to obtain the final product with required properties [4]. The calculation of
solution equilibria of precipitates needs special knowledge of the solubility and
solubility product of the compound. The solubility product requires information on
the stoichiometry and composition of the compound. Particle size and ageing
processes also significantly affect the solubility of a precipitate. The particle size of a
precipitate is formed by the relative rates of nucleation and growth as well as on the
concentration of the precursors. Nuclei are the smallest particles of precipitate which
can grow spontaneously. Their formation is named nucleation that is a necessary

step in the precipitation process.
Advantages of Co-Precipitation Process

e Homogeneous mixing of reactant precipitates reduces the reaction temperature.
e Simple direct process for the synthesis of fine metal oxide powders, which are

highly reactive in low temperature sintering.
Disadvantages of Co-Precipitation Process

e This process is not suitable for the preparation of high pure, accurate

stoichiometric phase.
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e This method does not work well, if the reactants have very different solubility as
well as different precipitate rate.
e |t is not having universal experimental condition for the synthesis of various

types of metal oxides.
3.2 Structural Analysis

In this thesis, to investigate structural properties of the fabricated powders various
techniques were used like X-ray diffraction, Scanning electron microscope and

particle size analyzers.
3.2.1 X-Ray Diffraction (XRD)

XRD is an analytical tool for identification of phases and orientations in crystalline
compounds. XRD is a non-destructive technique that provides crystallographic
information of the specimen. It is useful in determining structural properties like

crystal size, lattice parameters, lattice strain etc.
Working principle

When crystalline materials are irradiated by X-rays, they interact with atoms of the
material and refract X-rays of characteristic energy. An individual pattern is
generated by each material. In a mixture of materials, each substance gives its own
pattern independently [5]. XRD works on the principal of constructive interference
of refracted X-rays. Fig.3.1 shows working of XRD machine. When X-rays interact
with matter, three phenomena may occur, lonization, fluorescence and diffraction. In
XRD, when X-rays hit atoms, the electrons in atoms start vibrating with frequency
same as the frequency of striking X-rays. Bragg’s law is used to describe the working
of XRD.

nx= A= 2d = sind (3.1)

Where:
© = Incidentangle
d = Spacing between the planes and

A = wavelength of the X-rays
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Detector

20

Fig.3.1 Working of XRD

After striking on the sample, these X-rays are detected by a detector that makes a
diffractogram. A diffractogram is a graph which is plotted between 26 on x-axis and
intensity on y-axis. The detector records intensities of the diffracted beams and
angles. This pattern is a fingerprint of the material. Miller indices define the inter-
planar spacing and orientation. Number and position of peaks (20 values) enable to
determine lattice type, cell parameters and crystal class. Intensity of peaks gives

information about position and types of atoms in the specimen [6].
3.2.2 Scanning Electron Microscopy (SEM)

SEM is an imaging tool that is used to study surface morphology of the samples. The
surface of the prepared substrate is analyzed in three dimensions with high resolution
and magnification. SEM provides magnification up-to 300,000X and has an effective

probing depth of 10 nmto 1 um.
Working principal

A focused electron beam is kept over the sample that results excitation of electrons
present in the sample. An Image is produced on the display of computer connected to
the machine. The magnification depends on the relationship of size between the
display and the area of the surface being scanned. Samples being scanned in SEM

may face damage problems but it rarely happens. During high magnification some
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polymers plastic based materials may be transformed. This damage can be prevented

using the machine at low voltage [6].

Incident Secondary
Auger Electrons Electrons Electrons

Back Scattered
Electrons

X-rays

Fig. 3.2 Working principal of SEM
3.2.3 Particle Size Analyzer

Particle size analyzer is a tool to identify the range of particle sizes present in the
sample. This technique also gives information about average particle size along-with
percentage of particular sizes formed in the powder sample.

Working Principal

Particle size analyzer contains two chambers. First chamber is a conical type that is
connected to an electric motor and the second chamber is a transparent box.
Sonication is done before feeding the liquid suspension of powder sample into the
conical chamber. After inserting the sample into conical section, the suspension is
mixed again with motor and then it goes to the transparent section. Here the particles
are in suspended form and a laser beam passes through the transparent section and
strikes the particles. A detector is placed on the other side of the laser source that

measures the size of percent amount present in the sample [7].

3.3Electrical Conductivity Measurement

DC electrical conductivity is measured using LCR meter. The conductivity of an

electrolyte is an important parameter, as it tells us about the internal behavior of
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electrolyte material to conduct ions. It also gives information, how efficiently the
material allows flowing oxide ions.
Working Principal
Pellets are formed with suitable dimensions to measure the DC electrical
conductivity of the material. LCR meter actually tells the DC resistance of
synthesized electrolyte material and finally the conductivity of the sample is
calculated using the following relation:
p = (Rag~A)/L (3.2)
o=1/p (3.3)
where:
p = Resistivity of pellet
o = Conductivity of pellet
Ravg= Average resistance of pellet
A = Area of the pellet and,
L= thickness of pellet
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Summary

Various routes have been used to synthesize solid electrolyte materials. Wet
chemistry routes are better as compared to solid state method. Sol-gel and co-
precipitation are widely used methods that give atomic level mixing with better
particle size control. For structural analysis of synthesized powders XRD, SEM and
particle size analysis were used. XRD is used to identify the structure, phases, lattice
strain, crystallite sizes and SEM is used to study surface morphology of the samples.
XRD works on Bragg’s law. X-Rays are produced using X-Ray source and after
striking on the sample, these X-Rays are detected by detector. A diffractogram is a
graph that gives information of XRD analysis. | SEM, a focused electron beam is
kept over the sample that results excitation of electrons present in the sample. An
Image is produced on the display of computer connected to the machine. Particle size
analysis is used to identify a range of powder particles actually formed. It also gives
information about average particle size with their percentage present in a sample. To
measure the electrical conductivity of electrolyte materials DC electrical conductivity
is used. This is done using LCR meter that actually measures the DC resistance of

electrolyte at various temperature ranges.
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Chapter 4
Experimentation

As fabrication of Neodymium Doped Ceria (NDC) solid electrolyte is the main
theme of this thesis. For this reason, we performed several experiments that are listed

below.

e First experiment was to synthesize NDC electrolyte with two major compositions
of CepgoNdp2001.90 (NDC20) and Cep75Ndo 2501875 (NDC25) using Cerium
Nitrate Hexahydrate and Neodymium Nitrate Hexahydrate.

e Effects of pH on structure, phase formation and powder particle size were studied
using two different values of pH i.e., 3 and 10.

e Co-doping also improves the conduction properties of Doped Ceria. Keeping in
view this fact, two co-dopants, Sm and Y were doped into NDC lattice.

e K,CO3was added into NDC, by 10 and 20% by volume to study the effects of
carbonates on electrical conductivity.

e Asitis very necessary for SOFC electrolyte material to remain chemically stable
with the other parts of the cell. To investigate the chemical stability of NDC with
NiO-SDC anode, we fabricated a composite of these two materials and sintered it
at 800°C. The results will be discussed in Chapter-5

4.1 Synthesis of Neodymium Doped Ceria (NDC)

Sol-gel method was applied to fabricate Neodymium Doped Ceria solid electrolyte
with two main compositions Ceo.50Ndo.2001.90 (NDC20) and
Cep.75Ndp2501875(NDC25)  using  Ce(NOg3)3.6H,O(Purity  99.99%) and
Nd(NO3)3.6H,O (Purity 99.99%) as starting materials. 1M solutions of both
precursors were prepared in separate beakers using distilled water as solvent and then
dopant sol was added drop-wise with continuous stirring. Ammonia solution was
used as a complexing agent as well as to control the pH. Prepared gels were dried in
an oven at 110°C for several hours. Fig. 4.1 shows a complete block flow diagram of

steps involved during synthesis and characterization of NDC20 and NDC25.
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Fig. 4.1 Flow diagram of sol-gel fabrication of NDC

4.2 Effect of pH

The structure of the sol—gel fabricated ceramic powders depends on the relative rates
of the hydrolysis and condensation reactions, as well as on the reverse reactions. For
this reason, initially pH3 and 10 were selected to fabricate NDC electrolyte. All the
synthesis was carried out using sol-gel route. When both sols of precursors were
added into each other the pH value reached to 4. 0.5ml solution of citric acid was
used to lower the pH value and make it stable up-to 3. To synthesize the NDC in
basic medium, Ammonium hydroxide solution was used to control the pH and

complexing agent as well.
4.3 Co-doping of NDC using Yttrium and Samarium

To investigate the effects of Yttrium and Samarium as co-dopants, we prepared
further two compositions Ceo.75Y0.15Nd0 1001 875 (NYDC) and
Cep.75SmMo.15Ndo 1001875 (SNDC). Same molar ratios were used as mentioned above.
Y (NO3)3.6H,0 (Purity 99.99%) and Sm(NO3)3.6H,0 (Purity 99.99%) were used as
precursors in co-doping experiment. Drying of gels was done in an oven at same

temperature as kept during synthesis of NDC20 and NDC25.
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4.4 Synthesis of NDC-carbonate composite electrolyte
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I NDC Carbonate l<_ K;COj; solution

Drying

v

Grinding

!
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l

!

| Sintering

v

I Characterization

Fig. 4.2 Flow Diagram of NDC Carbonate

Powders with K,COsinclusion were also prepared via already described sol-gel route.
For this purpose 1M solution of K,COswas prepared and drop-wise added into
NDC?25 solution with 10 and 20% by volume and finally obtained compounds were
names as KNDC10 and KNDC20. Pellets with carbonates inclusion were sintered at
700°C for 3 hours keeping in view the melting point of potassium carbonate. Fig. 4.2

shows a block flow diagram of NDC Carbonate composite electrolyte.

4.5 Chemical compatibility of NDC electrolyte

To investigate the chemical stability of prepared electrolyte material with Nicked
Oxide Samarium doped ceria (NiO-SDC) anode material, we carried out a separate
experiment. The compositions of NDC and NiO-SDC were 60mol% and 40mol%

respectively. The prepared powder was sintered at 800°C and to confirm whether
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both the materials remained in separate phases or reacted with each other at such a

high temperature. The XRD result will be discussed in chapter 5.

4.6 Characterization

In order to study the properties of synthesized electrolyte materials, we used the
following techniques. The name of techniques and their parameters are given as
under:

e XRD

In order to study the structure, phase, lattice strain, theoretical density and crystallite
size, X-ray powder diffractometer (STOE Germany) with computer interface having
Cu Ka at A =1.5418 A was used by keeping scan angle ranging from 10°- 80°with
step size 0.04/sec.Lattice parameters were calculated using six main reflections
(111), (200) (220), (311), (222) and (400).

e SEM

To study the surface morphology of synthesized materials, Scanning Electron
Microscope (HITACHI SU-1500) with 50 um magnification and voltage was kept
up-to 5kV.

e Particle size analyzer

Particle size analyzer (HORIBA LA-950) was used to measure the size of powder
particles.

e Pellets formation

Prepared powders were ground utilizing pestle with mortar in acetone environment to
make fine powders. Pellets with 10mm diameter and 2mm thickness were formed
using uniaxial hydraulic press under pressure of 4.88kg/cm?for 10 minutes.

e DC Electrical Conductivity

DC electrical conductivity of pellets was measured using two probe method with the
help of Wayne Kerr 6440B LCR meter. For this purpose, a special type of ceramic
rod was designed that not only provided the facility to hold the pellets but also
helped to make electrical contacts with the pellets. Pellets were hold by using Copper
circular sheets. The setup can be seen in Fig. 4.3 that shows a ceramic rod which is

used to hold the pellet and helps to provide electrical connections to the pellet.
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Fig. 4.3 Pellet Holder

Fig. 4.4 shows a schematic diagram of LCR meter along-with Tube furnace. DC
electrical conductivity of the pellet is measured by switching the LCR meter on DC
resistance mode. The high temperature environment is provided by Tube furnace. At
particular temperature, DC resistance of the pellet was measured three times and then
their average value was selected to calculate the DC conductivity of the pellet using

equations 3.1 and 3.2.

Dispky ol » o ¢ LCR meter
LCR meter %
@ Resistance
Power switch —»@ —— measuring
, \d terminals
Multi function
buttons
Thermocouple
Connections to ——,
the pellet
| A
Pellet holder
Power swith———— @ .
X
Tube Furnace

Fig. 4.4 Schematic Diagram of LCR meter
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Summary

Sol-gel method was applied to fabricate neodymium doped ceria solid electrolytes.
Two compositions CeggoNdo.2001.90 (NDC20) and Ceg 75Ndp 2501 875 (NDC25) using
cerium nitrate hexahydrate and neodymium nitrate hexahydrate as precursors. Effect
of pH on phase formation and particle size was carried out at three different pH
values. Effect of co-doping was also investigated using Sm and Y as co-dopants.
Inclusion of K,CO3; was made to improve the conductivity of NDC25. For an SOFC
electrolyte material, it is strictly desired that it should be chemically and thermally
stable with anode material as well. For this purpose, NDC based electrolyte was
tested with NiO-SDC anode to investigate whether both the compounds remain
stable at high temperature or not. XRD (STOE Germany), Scanning Electron
Microscope (HITACHI SU-1500) and HORIBA LA-950 particle size analyzer were
used to study the structural properties of synthesized materials. Wayne Kerr 6440B
LCR meter was used to calculate DC electrical conductivity of the pellets. Their
results will be discussed in Chapter -5.
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Chapter 5
Results and Discussions

5.1 Structural Analysis of NDC20 and NDC25

Initially two compositions Ceg goNdo.2001.90 (NDC20) and Cep75Ndp.2501 875 (NDC25)
were selected to synthesize Neodymium Doped Ceria electrolyte. Their precursors
are already described in Chapter 4. This initial comparison was done to confirm
which one of them is better ionic conductor. Fig. 5.1 shows the XRD patterns of
NDC20 and NDC25.1t can be seen clearly that synthesized powders were free from
impurities. Both the samples exhibited cubic fluorite structure [1]. It can also be
noticed that the peaks shifted towards the lower value of 20 when dopant
concentration increased from 0.2 to 0.25. This effect of dopant concentration was
later confirmed by analyzing the larger value of inter-planar spacing “d” that resulted
into increase of lattice parameters as well for NDC25 as compared to NDC20. Table
5.1 shows the lattice parameters, volumetric strain and crystallite sizes of NDC20
and NDC25. It can be seen that with increase in dopant concentration the lattice
parameters were also increased that follows the Vegard's rule [2-4]. Theoretical
density was also increased by increasing the concentration of neodymium from 0.2 to
0.25 showing that the grain density increases with addition of small amount of

Neodymium.

5.2 DC Conductivity comparison of NDC20 and NDC25

To further confirm whether the increase in Neodymium content actually increased
the conductivity or not so, DC electrical conductivity of both the samples were
performed ranging from 200-650°C. The equations 4.1 and 4.2 were used to calculate
the DC electrical conductivity. Fig. 5.2 shows the comparison chart for DC electrical
conductivity of NDC20 and NDC25. It can be noticed from the graph that the value
of conductivity for NDC20 is less as compared to NDC25. This result is in good
agreement with literature [5]. The value of DC conductivity for NDC20 reached
3.67x10™S/cm while for NDC25 it was found to be 7.9 x10°S/cm. this shows that
NDC?25 is better ionic conductor than NDC20 So, NDC25 was selected for further

experiments and improvements in conductivity.
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Fig. 5.1 XRD patterns of NDC20 and NDC25
Table 5.1: XRD results of NDC20 and NDC25
Composition Lattice Lattice Strain Crystallite
Parameter( A) (%) size(nm)
NDC20 5.44 0.05 53
NDC25 5.47 0.06 41

5.3 Effect of pH on NDC25

To further optimize the NDC25, synthesis was carried out using three pH values such

as 3, 7 and 10. We selected these pH values to investigate the effects of acidic and

basic medium on structure and phase of NDC25. The structure of the sol-gel

fabricated ceramic powders depends on the relative rates of the hydrolysis and

condensation reactions, as well as on the reverse reactions [6]. The influence of the

reaction conditions on the mechanism and kinetics of the reactions forms a key issue

in understanding the structural evolution. The condensation rate is sufficiently small
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that reaction-limited aggregation is assumed to occur under both acid and base

catalysis [1].
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Fig. 5.2 DC Conductivity comparison of NDC20 and NDC25

The cross-linking between the polymer chains is much higher at high pH and high
H20 : Ce ratio (w) so that highly branched clusters are formed under these
conditions, whereas more weakly branched clusters are formed at low pH. Now we
will consider some reactions based on acidic and basic pH. It is generally assumed
that at the isoelectric point (IEP) the gelation rate is proportional to hydroxal group.
The base-catalyzed polymerization occurs by a nucleophilic mechanism according to

the following reaction sequence.

=Ce-OH + OH' > Ce-O" + H,0 (5.1)
=Nd-OH + OH' Nd-O" + H,0 (5.2)
Ce-O +=Nd-OH =Ce —O -Nd =+ OH (5.3)
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Here the polymerization rate is proportional to [H*]. The following reactions take

place under acidic conditions.

=Ce—OH + H;0" =Ce’ + H,0 (5.4)
=Nd-OH + H;0" =Nd* + H,0 (5.5)
=Ce"+=Nd—-OH > =Ce—-O-Nd=+H" (5.6)

Further growth occurs by continued addition of lower molecular weight species to
more highly condensed species (by conventional polymerization or by Ostwald
ripening) and by aggregation of the condensed species to form chains and networks.
Near the isoelectric point (IEP), where there is no electrostatic repulsion, growth and
aggregation occur together and may be indistinguishable. However, particle growth
becomes negligible when the particles reach a size of 2-4 nm because of low
solubility in this pH range and the greatly reduced size-dependent solubility. The gels

consist of chains and networks of very fine particles.
5.3.1 Effect of pH on NDC25 structure

XRD analysis was done to investigate whether the pH medium affected the
composition, phase or structure of NDC25. Fig. 5.3 shows the XRD plots of NDC25
drawn for pH3, 7 and 10. It can be concluded from the XRD patterns that there are
no other phases formed by changing the pH and XRD results also confirmed that all
the three samples prepared at these three different pH values exhibited cubic fluorite
structure. Table 5.2 summarizes the results of NDC25 prepared at various pH values.

Table 5.2: Results of NDC25 at different pH values

pH Calcination Time (hrs) | Particle size after
temperature (°C) calcination (um)
3 600 5 0.97
10 600 5 1.11
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Fig. 5.3 XRD patterns of NDC25 at various pH

These results show that with increasing the pH values particle size slightly increased.
Fig. 5.4 and Fig. 5.5 show the particle size distribution before and after
calcinations at pH3. For pH3 it can be seen that particles with maximum particle size
distribution of 11.08% with particle size of 0.389 um and the average particle size
obtained before calcination was 2.58 um. When this powder was calcined at elevated
temperature, the average particle size reduced from 2.58 um to 0.97 um. Fig. 5.6 and
5.7 show the powder paticle size distribution before and after calcinations at pH10.
As for pH10 it can be seen that particles with maximum particle size distribution of
14.53 % with particle size of 3.905 um and the average particle size obtained before
calcination was found to be 4.214um. When this powder was calcined at elevated
temperature, the average particle size reduced from 4.214 um to 1.1 um.
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5.4 Effects of Co-Doping

5.4.1 XRD analysis of NDC25, NYDC and SNDC

Fig. 5.8 shows the XRD patterns of NDC25, NYDC and SNDC respectively. It is
evident from these patterns that all the samples are free from impurities. It was also
noticed that addition of Y and Sm did not affect the cubic fluorite structure of NDC.
However, Co-doping reduced the crystallite size. This could have happened due to
the heterogeneous nucleation due to the addition of co-dopants. Change in lattice
parameter and lattice strain was found to be 0.01. All these results are summarized in
Table 5.3. Broader peaks obtained for NYDC and SNDC which is an indication that
the crystallites formed using Yttrium and Samarium were smaller in size [11]. This
was also confirmed by analyzing these X-ray diffraction peaks using FWHM values

of corresponding higher intensity peaks of all the samples.
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Fig. 5.8 XRD patterns of NDC25, NYDC and SNDC
Table 5.3: Combined XRD results of NDC25, NYDC and SNDC
Composition Lattice Lattice Crystallite
Parameter( A) Strain (%) size(nm)
NDC25 5.47 0.06 41
NYDC 5.47 0.06 13
SNDC 5.46 0.05 15
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5.4.2 Effect of Co-Doping on Conductivity

Fig. 5.9 shows the Dc conductivity curves of NDC25, NYDC and SNDC
respectively ranging from 200 to 700°C. At low temperature the value of NYDC was
found to be low as compared to pure NDC25. One of the reasons for this low
conductivity can be related to higher association enthalpy that results into high
activation energy for NYDC. But as the temperature increased from 550°C, the
conductivity of NYDC also increased and finally the value reached to 1.26x10 S/cm
at 700°C and for SNDC, the conductivity value reached up-to 1.69x10™ S/cm. These
results proved that Sm is better co-dopant as compared to Y for NDC based
electrolytes [13,14]. Increase in the mobility of ions is caused by smaller mismatch in

host and dopant ionic radius and smaller value of lattice strain [15].
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Fig. 5.9 DC conductivity graph of NDC25, NYDC and SNDC

5.5Effects of Carbonates

5.5.1 XRD Results of NDC25, KNDC10 and KNDC20

In order to study the effects of carbonates addition on structure of NDC25, XRD

analysis were carried out. Fig. 5.10 shows the results obtained from XRD analysis.
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These diffractograms showed that carbonates did not alter the structure of NDC25.
No new phases were observed during XRD analysis however, the peaks were broad
as compared to pure NDC25. Heterogeneous nucleation occurred with the addition of
carbonates and in the result, the crystallite size was also reduced making the peaks
more broad. It is evident from Table 5.4, that increasing the carbonates from 0.1 to
0.2 the crystallite size also reduced. The change in lattice strain was not so much that
means that carbonates did not bring any specific change in the structure of NDC25.
Here the inclusion with carbonates did not appear in XRD peaks because of the
amorphous nature of K,COjz; [7-10]. To confirm the presence of carbonates,

SEM/EDS analysis was carried out.

| KNDC20
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Intensity (a.u)
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Fig. 5.10 XRD patters of NDC25, KNDC10 and KNDC20

Table 5.4;: Combined XRD results of NDC25, KNDC10 and KNDC20

Composition Lattice Lattice Crystallite
Parameter( A) Strain (%) size(nhm)
NDC25 5.47 0.06 41
KNDC10 5.48 0.06 15
KNDC20 5.46 0.05 13
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5.5.2 SEM and EDS results of KNDC10 and KNDC20

Scanning electron microscope was used to further analyze the morphology of
prepared carbonate composite electrolyte materials.

Fig. 5.11 and 5.12 show clearly that the particles are well dispersed and
homogeneous. Both the powders have homogeneous phase with uniform grain sizes
that contributed into better ionic conductivity. It can also be observed that the
addition of carbonates have also improved the densification. The small grains may
have contributed into better densification and lowering the sintering temperature of
NDC25. Therefore, if the desired microstructure can be formed, the maximum value
of conductivity can be achieved. As the carbonates did not appear in the XRD
patterns therefore, energy dispersive spectroscopy (EDS) was performed to confirm
the presence of carbonates in the sample of KNDC10 and KNDC20. EDS analysis of
KNDC10 and KNDC20 was performed to ensure the presence of carbonates as they
were not detected in XRD peaks because it is clear from the literature that they
remain in amorphous phase. Fig. 5.13 and 5.14 show the EDS analysis of KNDC10
and KNDC20 respectively. EDS results revealed that carbonates were present in the
sample in reasonable quantity. Their atomic percentages are given in Table 5.5. It is
clear from this table that KNDC20 has more oxygen content as compared to
KNDC10. This excess of 7.75% oxygen resulted into better conductivity for
KNDC20. The results will be covered in section 5.6.

COMSATS 5.00kV 8.2mm x750 SE 50.0um

Fig. 5.11 SEM image of KNDC10
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Table 5.5: EDS results of KNDC10 and KNDC20

Element Atomic %
KNDC10 KNDC20
o) 67.63 75.38
K 4.82 13.32
Ce 20.11 6.43
Nd 7.44 4.87

5.5.3 Effects of Carbonates on DC conductivity

Fig. 5.15 shows the Arrhenius plots of DC electrical conductivity of NDC25,
KNDC10 and KNDC20 respectively. Two probe DC conductivity method was
implemented to measure the DC electrical conductivity of pellets. For this purpose,
pellets with thickness of 2 mm and diameter 10mm were fabricated and their
resistances were measured at different temperatures ranging from 200-700°C using
WAYNEKERR 6440B LCR meter. The maximum conductivity of NDC25 at 650 °C
was found to be 7.97x10® S/cm. To further improve the conductivity value of
NDC25, we slightly introduced K,COs. As it is clear from Table 5.4, carbonates
brought very small change in lattice strain. smaller value of lattice strain also
contributed in better ionic conductivity [13,15]. Reduced value of lattice strain
helped to improve the ionic flow and hence increased the ionic conductivity [16].
KNDC10 and KNDC20 greatly improved the conduction properties of NDC25. The
values of conductivity for KNDC10 and KNDC20 were found to be 3.46x10™* S/cm
and 1.05 x10 S/cm respectively. These results showed that carbonates can greatly
increase the conduction properties of NDC based electrolyte materials. Equations 4.1
and 4.2 were used to calculate the DC electrical conductivity of the samples.
Carbonates remains in amorphous phase when slight quantity is added into doped
ceria ceramics. This second phase helped to improve the conduction mechanism by
making an extra layer and also contributed into introduction of disordered regions
which enhance ionic conductivity [9]. Inclusion of carbonates caused multi ionic
effect that greatly increased the intrinsic and extrinsic charge carriers and ultimately
helped to enhance the conduction process. Carbonates increases the densification of
electrolytes and improves cell efficiency [18]. Co-doping with carbonates increases

the concentration of oxide ions and forms common pathways between doped ceria

52



and carbonates [19]. These pathways facilitate ionic flow. The ionic conductivity
shows a remarkable difference between the electrolytes without inclusion of

carbonates and with small addition of carbonates.
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Fig. 5.15 DC electrical conductivity graph of NDC25, KNDC10 and
KNDC20

In order to observe better ionic conductor, we have combined all the conductivity
curves in one single graph. Fig. 5.16 shows the combined DC electrical conductivity
curves of all the synthesized electrolyte materials. It is also clear from this figure that
KNDC10 and KNDC20 exhibit higher ionic conductivity as compared to the other
synthesized electrolytes. Table 5.6 gives information about the DC conductivity
results of NDC20, NDC25, NYDC, SNDC, KNDC10 and KNDC20. This is clear
from this table that addition of carbonates greatly improves the conductivity of NDC

electrolyte.

5.6 Chemical stability of NDC with NiO-SDC Anode
As NDC electrolyte has recently evolved and there is not enough data available,

that’s why we carried out chemical stability test of NDC electrolyte material with
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Nickel oxide samarium doped ceria (NiOSDC) anode to investigate whether both the

compounds remain stable at elevated temperature.
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Fig. 5.16 Combined DC conductivity curves of NDC20, NDC25, NYDC, SNDC,
KNDC10 and KNDC20

Table 5.6: Summary of DC Conductivity results of all synthesized electrolytes

Sample Name | DC conductivity at
700°C (S/cm)
NDC20 3.67x10°
NDC25 7.97x107
NYDC 1.26x10™
SNDC 1.69x10™
KNDC10 3.46x10™
KNDC20 1.05 x10°
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The experimentation is already described in section 4.5. After mixing of both the

powders, sintering was carried out at 800°C. Fig. shows the XRD analysis of

prepared composite material.

It is clear from the XRD pattern that both the

compounds remained separate at this elevated temperature and no mixed phase was

formed between them. That’s why it can be depicted that both of these materials can

be used in SOFC.

Intensity (a.u)

20 (degree)
Fig. 5.17 XRD patterns of NDC25 and NiOSDC-NDC
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Summary

The influence of the reaction conditions on the mechanism and Kinetics of the
reactions forms a key issue in understanding the structural evolution. The cross-
linking between the polymer chains is much higher at high pH and high H20: Ce
ratio so that highly branched clusters are formed under these conditions, whereas
more weakly branched clusters are formed at low pH. Therefore, particles were
formed in both acidic and basic medium. Structural analysis was carried out after
successful formation of the desired powders. XRD patterns showed that powders
were free from impurities and all samples exhibited cubic fluorite structure that is
highly desirable in order to get better ionic conductivity. Particle size analysis
showed that particles with an average particle size of 1 um were formed at pH10. It
was depicted from the SEM analysis that spherical shaped homogeneous particles
were formed using sol-gel route. Effects of co-doping were also carried out using Sm
and Y as co-dopants. Conductivity results showed that Nd and Sm are best co-
dopants for ceria system. Carbonates helped to improve the densification of powders
with crystallite size of 13nm. Amorphous phase of carbonates form an extra layer
that forms super-ionic pathways which greatly enhance the conduction properties of
NDC electrolyte. DC conductivity results showed that addition of K,CO3 with 20%
by volume increased the conductivity of pure NDC electrolyte from 7.97x107° S/cm
to 1.05x107 S/cm. The sequence in the conductivity values at 700°C was found
to be KNDC20>KNDC10>SNDC>YNDC>NDC25>NDC20
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Chapter 6
Conclusions and Future
Recommendations

6.1 Conclusions

» Neodymium Doped Ceria (NDC) electrolyte materials were successfully
fabricated with cubic fluorite structure using highly versatile sol-gel method

using nitrate based precursors.

» The DC conductivity values for NDC20 and NDC25 were found to be
3.67x10® S/cm and 7.97x10 S/cm respectively. Therefore it is concluded
that NDC25 is better electrolyte as compared to NDC20.

» pH of medium did not affect the phase or structure of NDC25. Particle size as
a function of various pH values was found to be increasing with increasing

pH values.

» DC electrical conductivity values using Y and Sm as co-dopants were found
to be 1.26x10™ S/cm and 1.69x10™* S/cm at 700°C respectively. This increase
in conductivity was due to the smaller mismatch in ionic radii between Sm

and host ions.

» Effects of addition of carbonates were studied on microstructure and
electrical transport properties. It was found that carbonates reduced the
crystallite size of NDC. However, no new phases were found. Meanwhile the
DC electrical conductivity was found enhanced which may be associated with
super-ionic pathways. It is concluded that increasing the K,CO3 concentration
from 10-20% by volume in NDC25, the value of conductivity increased and
reached up-to 1.05 x10 S/cm.

» Chemical compatibility test of NDC25 electrolyte and NiO-SDC anode
revealed that both the materials remained stable and did not react with each

other and no new phase was found at 800°C.
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6.2 Future Recommendations

Neodymium has opened new ways to explore Doped Ceria based electrolyte
materials for SOFC as there is very limited data available on NDC based electrolytes.
Though we have improved the conduction properties of NDC electrolyte material but
there is still a need to further improve the conductivity of Neodymium doped ceria
based electrolyte material and bring down the operating temperature of SOFC.
Process parameters like hydrolysis ratio, gelation and ageing time can be further
investigated. As it is also clear from the literature and our results that doubly doped
ceria is more ionic conductor as compared to singly doped ceria, so there is a need to
find suitable rare earth based co-dopants for ceria system. Addition of K,CO3 greatly
increased the conduction of NDC, but there is still a need to explore the impacts of
carbonates with increasing the concentration and even mixed carbonates on

conduction properties of NDC electrolyte.
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ABSTRACT

Neodymium doped ceria “Ce;xNdxO2.x2” (Where x was kept 0.2 & 0.25) powders were
synthesized by sol-gel technique using Cerium nitrate hexahydrate and Neodymium
nitrate hexahydrate as precursors. Sintering of the powdered samples were done at
1300°C and then characterized by using X-ray diffraction, optical microscope and an
impedance spectroscopy. Sintering effects were studied by using optical microscope and
found that particle size was increased from 6.5 pm to 10.8 pum. The crystallite size of
35.9 nm was obtained and the value of ionic conductivity at room temperature was
found to be 1.19*107 Scm™.

Key words SOFC, Sol-gel, Doped Ceria electrolytes, XRD

1. INTRODUCTION
As one of the major type of fuel cell, Solid Oxide Fuel cells (SOFCs) are the

electrochemical devices that convert chemical energy of the fuel directly into the
electrical energy with prominent conversion efficiency, very low pollutant emissions
and fuel flexibility [1]. Electrolytes play a very important role in the ionic conduction
mechanism. lonic conduction can be enhanced by using thin electrolytes or choosing the
materials with high ionic conductivity [2]. To date Yttria Stabilized zirconia (YSZ)
electrolytes are widely in use but in order to provide sufficient oxide ions conductivity
they must be operated at much higher temperature (1000°C) [3]. To operate the cell at
such a high temperature; offers many design concerns, material degradation and high
cost of the cell which are the major hurdles in the commercialization of the fuel cells [4-
5]. To lower the fabrication cost of the cell we must reduce its working temperature. To

address this issue; electrolyte materials that can provide the sufficient ionic conductivity
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at intermediate range of temperature i.e. 500-800 °C are highly desired. Doped ceria is
considered as one of the alternate solution for this because its activation energy for
oxygen ion diffusion is less than YSZ [6]. Doped ceria electrolytes offer higher ionic
conductivity as compared to conventional YSZ based electrolytes. lonic conductivity
strongly depends on type of dopant and its concentration. Introducing dopant creates
point defects. It is highly desirable that crystal lattice must not be disturbed. Therefore
the best dopants are those which are highly close to the size of host ions. [7]. Presently
gadolinium doped ceria (GDC) and Samarium doped ceria (SDC) electrolytes are also
being studied but based on ionic size the current study utilized the introduction of

neodymium because its ionic size is close to the host ions of ceria.

2. EXPERIMENTAL

2.1. POWDER PREPARATION

Powders of Ce;xNdxO,2 (Where x was kept 0.2 & 0.25) through sol-gel route were
fabricated by using Ce(NO3)3.6H,O (Sigma Aldrich Purity 99.99%) and
Nd(NO3)3.6H,0 (Sigma Aldrich Purity 99.99%) as precursors. 1M solution of both the

precursors was prepared with the desired molar ratios using distilled water as a solvent

and then drop-wise addition was done with continuous stirring. Ammonia solution was
used as a complexing agent as well as to control the pH up-to 7.0. Prepared gels were
dried in an oven at 110°C for several hours. Sintering was done at 1300°C for 5 hours
using muffle furnace with the programmed heating and cooling rate of 10°C/min and

5°C/min respectively.

2.2. CHARACTERIZATION MEASUREMENT

X-ray powder diffractometer with computer interface (STOE Germany) with Cu Ka at
A =1.5418 A was used to predict the crystalline phase and crystallite size. Scan angle
was kept ranging from 10°- 80° with Step size 0.04/sec. Lattice parameters were
calculated using six main reflections (111), (200) (220), (311), (222) and (400) with fcc
cell. Lattice parameter (a) of doped ceria cubic solid was calculated using the following
mathematical relations:
n*\ =2d*sin(9) Q)
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a=d/h®+ K2+ 12 )
Where d is the planar spacing, @ is the diffraction angle and h, k, | are the corresponding
peak miller indices values. The crystallite size was calculated using Scherer formula and
was calibrated using MDI Jade version 5.0 with the help of full width at half maximum
of (111) plane reflection. The theoretical densities of sintered powders were calculated
using following equation

pin = (4M1)/(Na @) (3)
where M, is the molecular formula mass of Cejx NdxO2.x2 and Na is the Avogadro’s
number with the value of 6.023*10%*/mol. Conductivity of pellet was calculated using
AC impedance spectroscopy using Agilent LCR meter by applying 1V signal with
varying the frequency range of 100Hz to 5MHz.

2.3. Pellet formation

Sintered powders were ground utilizing pestle with mortar. Pellets with 13mm diameter
and 3mm thickness were formed using hydraulic press under pressure of 4.88kg/cm? for
5 minutes.

3. RESULTS AND DISCUSSION

Fig. 1 shows the XRD patterns of Neodymium doped Ceria ceramics sintered at 1300°C
and after analyzing the obtained peaks in MDI- Jade version 5.0, which clearly showed
that the synthesized powders were of cubic fluorite structure with space group of Fm3m
(JCPDS powder diffraction files No. 075-0153 for Ceps Ndg,0;19 and 028-0266 for
Ceo.75 Ndp 2501 875). No secondary phases were observed and the material was free from
impurities. Decreasing trend in the inter-planar spacing was observed with decrease in
the dopant concentration which can be observed by comparing the peaks obtained from
XRD plots. By analyzing the peaks at x=0.2 and 0.25, it is clear that peaks shifted
towards the lower value of 26 which is the indication of increase in the inter-planar

spacing value.
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Figure 1: XRD pattern of NDC Sintered at 1300°C
Table 1 shows the dopant concentration effects on lattice parameters and the crystallite
size. Crystallite size reduced with increasing neodymium content. A difference of 0.02
A can be seen between the lattice parameters at these two different concentrations. Also,

it obeys Vegard’s rule [8].

Table:1 Effects of dopant concentration on lattice parameters and the crystallite size

Composition Lattice Theoretical Crystallite
parameter(A) density(g/cm®) size(nm)
0.2 5.44 6.38 44.3
0.25 5.46 6.97 35.9

Fig. 2 shows the optical microscope images of before and after sintering of powder. The
agglomerates of powder particles before sintering showed that some moisture is
incorporated with them but after the heat treatment at 1300°C, no accumulation of
particles was observed. The powder particle size was 6.5 pum before sinter and it

increased to 10.8 um after sintering.

64



Annexure |

ICSSP, University of Punjab Lahore. December 1-6, 2013

Figure 2: Sintering Effects on powder particle Size

Fig. 3 indicates the ionic conductivity curve in response to 1V signal at varying
frequency range. It was observed that in start impedance value was very high but as
frequency increased the impedance started to decrease and conductivity increased and

maximum conductivity measured at 4.25 MHz with the value of 1.19*10”" Scm™ at room
temperature.
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Figure3: AC conductivity Vs. Voltage frequency
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CONCLUSION

Promising results were obtained by using sol-gel route and at the sintering temperature
of 1300°C. Crystallite size is reduced with the increase in the dopant concentration.
lonic conductivity was measured for both of the synthesized powders and it was found
that Cep 75Ndo 2501875 has high conductivity at room temperature. Further studies will
include optimizing the dopant concentration, decrease in the crystallite size and the
measurement of the ionic conductivity at elevated temperatures, which may result in

even better performance.
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As one of the clean and efficient energy conversion devices, Solid Oxide fuel
cells (SOFCs) have attracted much of the attention during last few years.
Electrolyte is one of the most important parts of SOFCs. Electrolytes made up of
Yttria stabilized zirconia (YSZ) are currently in use but due to their high
operating temperature various challenges occur in operating the cell smoothly.
Tremendous studies have been made to improve the efficiency of electrolytes
and reduce their operating temperature. Doped Ceria electrolytes are now being
focused due to their better ionic conductivity at low temperature. Electrolytes
based on Gadolinium doped ceria (GDC), Samarium doped ceria (SDC) have
been extensively studied using different synthesis routes. Sol-gel method was
applied to synthesize neodymium doped ceria (NDC) with general formula of
Cerx NdyO,42 (X represents the dopant concentration). Powders with two
compositions, NDC20(x=0.2) and NDC25(x =0.25) were fabricated using nitrate
based precursors and ammonia solution used as a complexing agent. Results
based on X-Ray Diffraction (XRD) and Scanning Electron Microscope (SEM)
showed that highly pure material was synthesized with cubic fluorite structure
with spherical shaped powder particles. Structural changes in doped ceria such as
lattice strain of 0.02 A is being reported by varying the concentrations of dopant.
Effects of pH on powder particle size were also studied and at pH10 average
powder particle size of 0.17um to 3.41um was achieved. DC conductivity results
showed that NDC25 is a better ionic conductor as compared to NDC20 at
various temperatures ranging from 200 °C — 650 °C.

Keywords: SOFC, Sol-gel, Doped Ceria, Conductivity, Lattice strain, XRD
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Introduction

Solid oxide fuel cells (SOFCs) are attractive because they are clean, energy
efficient and almost nonpolluting. Among the other fuel cell types, SOFCs are
considered best candidates for large scale power production applications [1].
Electrolyte is considered one of the most important parts of SOFC because it
allows oxide ions to pass and reach at anode to complete the electrochemical
reaction. YZS is conventionally available electrolyte material that offers better
ionic conductivity but it works more effectively at high temperature i.e., 1000°C
that arises some serious issues regarding selection of costly gaskets and inter-
connects materials to operate the cell at such a high temperature [2]. Aiming to
lower the operating temperature of the cell various oxide ion conductors were
developed[3]. Doped ceria is considered a potential candidate in this regard as it
provides the same ionic conduction at lower temperature [4]. Pure ceria is poor
ionic conductor but its conductivity can be greatly enhanced by doping it with
some trivalent atoms [5]. To increase the transport properties of the ceria various
combinations of materials have been studied like Yttria doped ceria (YDC) [6—
9], Gadolinium doped Ceria (GDC)[10-19], Samarium Doped Ceria (SDC)
[3,15,18,20-22] and Neodymium doped Ceria (NDC) [5,7,18,23-29]. The main
focus in developing new solid electrolyte materials is to improve the oxide ions
conductivity. Conduction mechanism in doped ceria depends on several complex
factors like dopant ion and its concentration, lattice parameters, oxide ion
vacancy concentration and association enthalpy between dopant and oxide ion
vacancy [5]. Increasing the dopant ions increases the conductivity but there is an
upper limit of dopant addition above which the conductivity drops because
defects star to interact with each other [1]. In this present work, effects of
Neodymium contents were studied along with little inclusion of K,COj3 as a
function of conductivity. Sol-gel method was used to develop powder with
spherical shaped particles in nanometric scale. Structural changes like lattice

strain also studied.
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2. Experimentation

Sol-gel method was applied to fabricate powders of Ce;xNdxOsx2 (X=0.2 &
0.25) using Ce(NO3)3.6H,O and Nd(NOs3)3.6H,0 as starting materials. sols of
both the precursors were prepared in separate beakers with the desired molar
ratios using distilled water as solvent and then drop-wise addition of dopant sol
was done with continuous stirring. Ammonia solution was used as a complexing
agent as well as to control the pH. Prepared gels were dried in an oven at 110°C
for several hours. Sintering was done at 1300°C for 5 hours using box furnace.

Samples with K,COg inclusion were also prepared via already described sol-gel
route. Three main compositions were prepared by adding potassium carbonate
solution into NDC25 with 10,20 and 30% v/v named as KNDC10, KNDC20 and
KNDC30. Pellets with carbonates inclusion were sintered at 700°C for 5 hours

keeping in view the melting point of carbonates.
2.1 Characterization measurement

X-ray powder diffractometer with computer interface (STOE Germany) with Cu
Ka at A =1.5418 A was used to predict the crystalline phase and purity of the
powders. Scan angle was kept ranging from 10°- 80° with Step size 0.04/sec.
Lattice parameters were calculated using six main reflections (111), (200) (220),
(311), (222) and (400). The crystallite size was calculated using Scherer formula
and was calibrated using MDI Jade version 5.0 with the help of full width at half
maximum of (111) plane reflection. Morphology and size of the particles was
studied using Scanning Electron Microscope and particle size analyzer.

2.2 Pellet formation and Electrical Conductivity measurement

Calcined powders were ground utilizing pestle with mortar. Pellets with 10mm
diameter and 2mm thickness were formed using hydraulic press under pressure
of 4.88kg/cm?for 10 minutes. Pellets were then sintered at 1300°C for 5 hours in
a muffle furnace. Conductivity of pellets was calculated using two probe method
with the help of Wayne Kerr 6440B LCR meter.

3. Results and Discussions
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Fig. 1 shows the XRD patterns of NDC20 and NDC25. It can be seen clearly that

synthesized powders were free from impurities. Both the samples exhibited cubic
fluorite structure. It can also be noticed that the peaks shifted towards the lower
value of 20 when dopant concentration increased from 0.2 to 0.25. This effect of
dopant concentration was later confirmed by analyzing the larger value of inter-
planar spacing “d” for NDC25 as compared to NDC20.
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Fig. 1 XRD patterns of CexNd1.xO,.2/x at various compositions of dopant

Table 1 shows the lattice parameters, volumetric strain, theoretical density and
crystallite sizes of NDC20 and NDC25. It can be seen that with increase in
dopant concentration the lattice parameters were also increased which follows
the Vegard's rule[5]. Theoretical density was also increased by increasing the
concentration of neodymium from 20% to 25% showing that the grain density
increases with addition of small amount of Neodymium that helps in lowering
the sintering temperature as well increases the densification process. Fig.2 shows
the XRD patterns of KNDC10, KNDC20 and KNDC30. Here the inclusion with
carbonates did not appear in XRD peaks because of the amorphous nature of
K,CO3.
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Table 1 Results obtained from XRD analysis

Composition Lattice Lattice Crystallite
Parameter( A) Strain (%) size(nm)
NDC20 5.44 0.05 53
NDC25 5.47 0.06 41

Scanning electron microscope was used to further analyze the morphology of

prepared powders. Fig. 2 shows clearly that the particles are well dispersed and

homogeneous with spherical shape. This shape is highly desirable in sol-gel

processing to improve the sintering mechanism.

Fig. 2 SEM Image showing the morphology of particles

Changes in size of prepared powder particles were observed using HORIBA

Particle size analyzer. Fig.3 shows a comparison of powder particle sizes before

and after calcination. It is clear from the figure 3a that average particles ranging

from 1.15 to 10.09 um were formed with maximum particle size distribution of

14.5% at 3.91 um before calcination. Average particle size ranging from 0.17-

3.41 um obtained after calcination. This reduction in particle size occurred due

to the removal of nitrates from the particles.
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Fig. 3 Particle Size distribution before and after calcination at pH10
Two probe method was implemented to measure the DC electrical conductivity
of pellets. For this purpose, pellets of thickness 2 mm and diameter 10mm were
fabricated and their resistances were measured at different temperatures ranging
from 20-650 °C using WAYNEKERR LCR meter. Fig.4 clearly shows the
difference in conductivity curves of NDC20 and NDC25. The maximum
conductivity of NDC20 at 650 °C reached up-to a value of 3.67*10 S/cm and
for NDC25 the maximum conductivity at this temperature was found to be
7.97*10 S/cm. The difference in these values may be affected mainly due to the
changes in dopant concentration and increase in lattice strain. The more the

lattice strain there will be more space for oxide ions to pass with less resistance.
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4. Conclusions
Promising results were obtained using sol-gel route. Spherical shaped particles
ranging from 0.17-3.14 um were formed successfully using nitrate based
precursors. XRD analysis showed that both the synthesized materials exhibited
cubic fluorite structure. DC conductivity was measured for both of the
synthesized powders and it was found that NDC25 has high conductivity
at 650°C with a value of 7.97*10° S/cm. we recommend that NDC25 may be a

better ionic conductor for low temperature solid oxide fuel cells.
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Abstract

Electrolyte plays a vital role in ionic conduction. So far many electrolyte materials have
been explored to attain better ionic conductivity in Solid oxide fuel cells. Stabilized
zirconia is considered better ionic conductor but various problems like material
degradation, gasket issues and thermal stability occur due to its higher operating
temperature. Such drawbacks bring an opportunity to explore alternative materials that
offer better ionic conductivity at low temperature. Doped ceria is considered better
option in this regard. This work is concerned on the comparative analysis of various
electrolytes based on conventional stabilized zirconia and rare earth doped ceria along
with inclusion of alkali carbonates. The mechanism for improving conduction properties
has been discussed in detail. A brief analysis of the effects of dopant concentrations,
oxide ions conductivity and their electron transport properties is presented at different
ranges of temperature. The compositions containing the highest ionic conductivity have
been discussed briefly.

Keywords: Solid oxide fuel cells, lonic Conductivity, Doped ceria, Sintering additives,
Alkali carbonates

1. Introduction

Sustainability is the major concern in present era. Due to massive use of fossil fuels by
the mankind various challenges have risen. These challenges include depletion of fossil
fuel reserves as well as environmental concerns which needs to be addressed. Different
renewable resources to get useful energy have been explored. Fuel cells are one of these
resources which provide useful energy and create very less environmental effects by
converting chemical energy of the fuel directly into electrical energy. Solid Oxide fuel

cells (SOFCs) are one of the major types of fuel cells which have the potential to be
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used for large scale power production applications [1] . It has three main parts; anode,
cathode and electrolyte. Hydrogen based fuel enters from Anode where it gets oxidized
and produces a pair of electrons and these electrons pass through an external circuit and
produce useful power. Air as an oxygen source enters from cathode and is reduced.
Electrolyte plays an important role in this mechanism because it helps oxygen ions to
pass through solid electrolyte and reach at anode where the reaction gets completed. The
completion of the reaction depends on how efficiently ions are allowed to pass through
the electrolyte. To increase the transport properties of the electrolyte various
combinations of materials have been studied like Yttria Stabilized Zirconia, Gadolinium
doped Ceria (GDC) [2], Samarium Doped Ceria (SDC) [3], Neodymium doped Ceria
(NDC) [4]. To tailor the transport properties, dopant identity and its concentration play a
vital role. Herein we will highlight the effects of dopant concentration on conventional
used SZ and the recently evolved electrolyte materials based on doped ceria such as
gadolinium doped ceria (GDC), Samarium doped ceria (SDC) and neodymium doped
ceria (NDC).
2. Stabilized Zirconia (SZ)

SZ is one of the most commonly used electrolyte material in Solid Oxide fuel cells. The
cubic fluorite structure of Zirconia makes it good oxide ions conductor but it can’t
remain stable [5]. For this purpose, it is doped with Yttria (Y,03). Inclusion with Y,03
makes it stable and even more conductive [1]. By the addition of Yttria into Zirconia
creates oxygen vacancies which are caused by charge compensation effects. Yttrium
ions disturb the charge balance when they enter into lattice of Zirconia. By the addition
of 8 mol% of dopant, 4% of oxide ions sites become vacant. Fig. 1 [1] shows the oxide
ion conductivity graph with respect to concentration of dopant in ZrO, Conductivity
value increases up to 8%, but when dopant concentration increase to a certain upper
limit, conductivity starts to decrease. By further inclusion of dopant reduces the ionic

conduction behavior in the electrolyte as the defects start to interact with each other [1].
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Fig. 1 Conductivity of YSZ with respect to Yttria content [1]

In addition to the fluorite structure, the effect of grain boundaries on overall behavior of
ionic conductivity of the electrolyte is important. Grain boundaries offer less resistance
at high temperature i.e. 1000 °C for YSZ system. Scandia stabilized zirconia (ScSz)
have also been studies widely. Fig. 2 [6] shows ionic conductivity of 8mol% YSZ and
10mol% ScSZ. This comparison graph clearly shows that ScSZ offers better ionic
conduction than conventional YSZ. The 10mol% ScSZ offers less grain boundary
resistance as compared to YSZ at low temperature which finally improves the ionic
conduction mechanism at high temperature. Also the better ionic conductivity is mainly
due to the minimum mismatch between the ionic sizes of host and the dopant ions which
is less in ScSZ with respect to YSZ [5, 6].
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Fig. 2 Conductivity of YSZ and ScSZ [6]

Association of defects can also cause traps for vacancies which directly influence ions
not to flow easily [6]. Defects ordering can be minimized by selecting dopants with
closer ionic sizes to that of host ions [7]. One major issue with ScSZ system is that at
higher dopant concentration more than 10mol%, the more conductive cubic phase
transforms into less conductive rhombohedral phase at low operating temperature. This
phase change can be eliminated by keeping the Sc content up-to 8mol% or inclusion
with other oxides like bismuth and oxides [8]. As the temperature decreases the grain
boundary resistance increases and impedes ionic flow which makes YSZ based
electrolyte only suitable for high temperature applications. Conductivities of other
dopants in SZ were also studied and ytterbium showed comparable results to ScSZ.
Alumina on the other hand is used to improve the mechanical properties and it also
affects the conductivity of YSZ depending on the doping level. Improvement effect is
attributed to alumina scavenging silica [9]. The effects which cause alumina to reduce
the conductivity are considered due to increase in defects association. Alumina forms a
three phase boundary which increases Schottky defects and contributes into more grain
boundary resistance [10]. Niobium contents also increased grain boundary resistance

and hence reduced conductivity by defects association [11].
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Doped ceria electrolytes offer more ionic conductivity than SZ at low temperature range.
Operating the cell at such a high temperature causes many disorders in cell components.
These challenges bring need to find new materials which are better ionic conductors as
well as they can operate at low to intermediate temperature range. Ceria based
electrolytes fulfills all these requirements.

3. Doped Ceria Electrolytes

Ceria has opened new ways to improve the ionic conductivity at low temperature range
as compared with YSZ. The value of ionic conductivities for doped ceria at 750 °C is
same for YSZ at 1000°C. Like zirconia ceria also exhibit cubic fluorite structure which
has made this material more suitable in applications in low temperature Solid oxide fuel
cells (SOFCs) [12]. Pure ceria is a poor ion conductor, for this reason it is doped with
some trivalent ion which introduces charge compensation and enhances the oxide ions
conduction [13]. Doped ceria electrolytes have been successfully synthesized and
proven electrolyte materials for SOFCs applications with general formula of Ce;xMxO,.
x2 (Where M= Gd, Sm and Nd, Er, Dy and Y etc.) and X represents the dopant
concentration. Gadolinium doped ceria (GDC) [14,15,16,17,18,19] samarium doped
ceria(SDC) [20,21,22,23,24,25] and  neodymium  doped ceria(NDC)
[4,26,27,28,29,30,31] have been studied but there are upper limits 5-25mol% of all
these dopants above which defects association increases and conductivity drops
gradually. GDC offers higher ionic conductivity with maximum dopant concentration of
10-20mol% often abbreviated as GDC10 and GDC20 respectively. Fig. 3 [32] shows the
ionic conduction of various GDC compositions, i. e., 10-20mol%. lonic conduction
mechanism depends on many factors in which grain and grain boundaries are also
important parameters. Less resistance offered by grains and grain boundaries make
electrolyte more suitable for ionic conduction. GDC10 has more lattice ionic
conductivity with the value of 0.01S/cm at 500 °C [5,14] but GDC20 offers more total
conductivity [33]. Zhang et al. divided grain boundary (gb) conduction into three
regions. Fig. 4 [33] shows the effect of Gadolinium concentration on grain boundary
conductivity. There is a sharp increase in conductivity in gb for gadolinium content less

than 10mol%, for 10-20mol% there is no prominent change and as dopant concentration
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increases from 20mol% value of gb decreases which is due to the increase in defects
associations. GDC20 is considered better ionic conductor. This is due to GDC20 grain

resistance is less sensitive to impurities [34].
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Fig. 3 Conductivity of GDC at various concentrations [32]
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The second candidate for doped ceria is samarium which is also considered good ionic
conductor with promising results for SDC20(20mol% dopant) [35]. SDC20 is
considered for its highest conductivity among other doped ceria electrolytes [36]. Fig. 5
[13] shows the conduction behavior of SDC with various concentrations of samarium.
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Fig. 5 Conductivity of SDC at various concentrations [13]

Fig. 6 [4] shows the ionic conductivity of Neodymium doped ceria (NDC) electrolytes
ranging from 5mol% to 25mol% of neodymium as dopant. NDC exhibit higher ionic
conductivity than YSZ at 800 °C which makes it suitable for SOFCs applications [26].
For NDC based electrolytes the activation energy ranges from 0.79-1.09 ev which are
promising with GDC and SDC. Synthesis routes also contribute in conduction properties
of electrolyte materials. Hikmet et.al [26] improved the conduction properties of NDC15
by implying ultrasound assisted co-precipitation method which are in good agreement
with already reported NDC15(15mol% dopant) with slightly better results but for NDC
system higher ionic conductivity is reported for NDC25(25mol% dopant) with
activation energy of 0.794 ev [4].
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Fig.6 Conductivity of Neodymium doped ceria [4]

One of the relevant hurdle for doped ceria materials is that they need high sintering
temperature for getting relative density more than 95% [27]. Addition of small amount
of sintering additives improves densification at less temperature and also increases the
conductivity [20-23]. Minute amount of Molybdenum oxide (MoOs) and Tungsten
oxide (WQ3) was studied for Neodymium doped ceria (NDC) system and were sintered
at 1300°C [29] as compared to conventionally sintered at 1500°C [4]. Along with the
increased densification the ionic conductivity of NDC electrolyte was greatly enhanced.
Fig. 7 [29] shows the effect of these sintering additives on better electrical conductivity
of NDC and WOj3; brought much better effects than MoOs. This effect is due to liquid
phase formed between the doped ceria additives used. SDC20 have also been studied
using lithium oxide as sintering additives. Only 2mol% lithium oxide improved relative
density of 99.5% only at 900 °C as compared to previously attained relative density of
88% at 1250 °C [36].To further improve the ionic conductivity mechanism of doped
ceria, addition of small amounts of alkali carbonates have been incorporated in already

synthesized electrolyte materials.
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Fig. 7 Effects of sintering aids on NDCJ[29]

4. Effects of Alkali Carbonates on Doped Ceria Electrolytes

To further increase the conductivity of doped Ceria electrolytes addition of small
amount of alkali carbonates offers better results even at low temperatures [18-19].
Carbonates remains in amorphous phase when slight quantity is added into doped ceria
ceramics. This second phase helps to improve the conduction mechanism by making an
extra layer and also contributes into introduction of disordered regions which enhance
ionic conductivity [38]. Inclusion of carbonates causes multi ions effect which increases
the intrinsic and extrinsic charge carriers and ultimately helps to enhance the conduction
process [37]. SDC when doped with alkali carbonates showed better results than pure
SDC electrolytes in the range of 600°C. Addition of Na,COg3 into pure SDC increases
the disordered patterns in SDC regions and upon increasing the temperature these
irregular layers take part in increased ionic flow. Carbonates increases the densification
of electrolytes and improves cell efficiency [38]. It is also stated that at increased
temperature carbonates form super ionic conduction phase which promotes the ionic
flow [24-25]. Sodium carbonate also resolves the problem of ceria based electrolytes
which is the transformation of Ce™ into Ce™ [38]. Co-doping with carbonates increases
the concentration of oxide ions and forms common pathways between doped ceria and

carbonates. These pathways facilitate ionic flow. The ionic conductivity shows a
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remarkable difference between the electrolytes without inclusion of carbonates and with
small addition of carbonates [39].

5. Summary and Conclusions

YSZ and Doped Ceria offer better ionic conductivity among the various electrolytes for
solid oxide fuel cells. YSZ exhibits better conductivity at 1000 °C but Doped Ceria
electrolytes like GDC, SDC and NDC offer same ionic conductivity at much lower
temperature as compared to conventionally used YSZ. Sintering additives also help to
sinter materials at much lower temperature and help to improve the conduction behavior
of doped ceria electrolytes. Alkali carbonates improve conduction process by providing
super ionic pathways for ionic flow and also help to control the transitional change of
Ce™ into Ce*™. This shows great potential for doped ceria electrolytes for future
applications in ceramic fuel cells.
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Effect of Sm, Y and K,CO3 on structural and electrical properties of Neodymium
doped Ceria electrolytes for applications in low temperature solid oxide fuel cells
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Abstract:

A comparative study based on structural and electrical properties of Neodymium doped
ceria electrolyte with two main compositions of CeggoNdy200190 (NDC20) and
Ceo.75Ndo 2501 875 (NDC25) using sol-gel route has been investigated. X-ray diffraction
(XRD) and scanning electron microscope (SEM) results showed that powder particles
containing cubic fluorite structure with homogenous and spherical shape with an
average size of 1.11 um were formed at pH10. DC conductivity values for NDC25 and
NDC20 were found to be 7.9x10™ S/cm and 3.67x10™ S/cm respectively at 650°C. We
further enquired the effect of small amount of Sm, Y and K,COj3; to improve the
conduction mechanism in NDC25. Conductivity of NDC25 greatly improved by adding
small amount of Sm with composition of Cey75Smg15Nd0 1001675 (SNDC) and Y with
composition of Cey75Y0.15Nd0 1001875 (YNDC) at 700°C . It was also depicted that Sm
and Nd are best co-dopants for Ceria. K,CO3 was added into NDC25 with 10 and 20%
by volume and the compounds were named as KNDC10 and KNDC20 respectively. It
was observed that the amorphous phase of carbonates greatly increased the conductivity
values of NDC25 from 7.9x10° S/cm to 1.03x10° S/cm. The sequence in the
conductivity values at 700°C found to be
KNDC20>KNDC10>SNDC>YNDC>NDC25>NDC20.

Keywords: SOFC, Sol-gel, Neodymium doped Ceria, Conductivity, Co-doping
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5. Introduction

Solid oxide fuel cells (SOFCs) are attractive because they are clean, energy efficient and
almost nonpolluting. Among the other fuel cell types, SOFCs are considered best
candidates for large scale power production applications [1]. Solid electrolyte is
considered one of the most important parts of SOFC because it allows oxide ions to pass
and reach at anode to complete the electrochemical reaction. YZS is conventionally
available electrolyte material that offers better ionic conductivity but it works more
effectively at high temperature i.e., 1000°C that arises some serious issues regarding
selection of costly gaskets and inter-connects materials to operate the cell at such a high
temperature [2]. Aiming to lower the operating temperature of the cell various oxide ion
conductors were developed[3]. Doped ceria is considered a potential candidate in this
regard as it provides the same ionic conduction at lower temperature [4]. Pure ceria is
poor ionic conductor but its conductivity can be greatly enhanced by doping it with
some trivalent atoms [5]. To increase the transport properties of the ceria various
combinations of materials have been studied like Yttria doped ceria (YDC) [6-9],
Gadolinium doped Ceria (GDC)[10-19], Samarium Doped Ceria (SDC) [3,15,18,20-22]
and Neodymium doped Ceria (NDC) [5,7,18,23-29]. The main focus in developing new
solid electrolyte materials is to improve the oxide ions conductivity. Conduction
mechanism in doped ceria depends on several complex factors like dopant ion and its
concentration, lattice parameters, oxide ion vacancy concentration and association
enthalpy between dopant and oxide ion vacancy [5]. Increasing the dopant ions increases
the conductivity but there is an upper limit of dopant addition above which the
conductivity drops because defects star to interact with each other [1]. In this present
work, effects of Neodymium contents along with Yttrium and Samarium as co-dopants
into Ceria and inclusion of K,COgas a function of conductivity were studied. To the best
of our knowledge, the study based on co-doping and carbonates inclusion into
Neodymium doped ceria electrolyte has not been reported yet. Sol-gel method was used
to develop powder with spherical shaped particles in nanometric range.

6. Experimentation

2.1 Synthesis of Neodymium doped Ceria (NDC)
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Sol-gel method was applied to fabricate neodymium doped ceria solid electrolyte with
two main compositions CegggNdo2001.90 (NDC20) and Ceg 75Ndo 2501.875(NDC25) using
Ce(NO3)3.6H,0O(Purity 99.99%) and Nd(NOs3)3.6H,O (Purity 99.99%) as starting
materials. 1M solutions of both precursors were prepared in separate beakers using
distilled water as solvent and then dopant sol was added drop-wise with continuous
stirring. Ammonia solution was used as a complexing agent as well as to control the pH.
Prepared gels were dried in an oven at 110°C for several hours. Sintering was done at
1300°C for 5 hours.

2.2 Co-doping of Ceria using Neodymium, Yttrium and Samarium

To observe the effects of Yttrium and Samarium as co-dopants, we prepared further two
compositions Cep75Y0.15Nd0 1001875 (NYDC) and Cep75Smp15sNdp1001875 (SNDC).
Same molar ratios were used as mentioned above. Y(NOj3);.6H,0 (Purity 99.99%) and
SM(NO3)3.6H,O (Purity 99.99%) were used as precursors in co-doping experiment.
Drying of gels was done in an oven at same temperature as kept during synthesis of
NDC20 and NDC25.

2.3 Synthesis of NDC-carbonate composite electrolyte

Powders with K,COgs inclusion were also prepared via already described sol-gel route.
For this purpose 1M solution of K,CO3 was prepared and drop-wise added into NDC25
solution with 10 and 20 v/v% and finally obtained compounds were names as KNDC10
and KNDC20. Pellets with carbonates inclusion were sintered at 700°C for 3 hours

keeping in view the melting point of potassium carbonate [17].

2.4 Characterization Measurement

X-ray powder diffractometer with computer interface (STOE Germany) with Cu Ka at A
=1.5418 A was used to predict the crystalline phase and purity of the powders. Scan
angle was kept ranging from 10°- 70° with step size 0.04/sec. Lattice parameters were
calculated using six main reflections (111), (200) (220), (311), (222) and (400). The
crystallite size was calculated using Scherer formula and was calibrated using MDI Jade
version 5.0 with the help of full width at half maximum (FWHM) of (111) plane
reflection. Morphology and size of the particles was studied using Scanning Electron
Microscope (HITACHI SU-1500) and particle size analyzer (HORIBA LA-950).

2.5 Pellet formation and Conductivity measurement
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Prepared powders were ground utilizing pestle with mortar in acetone environment to
make fine powders. Pellets with 10mm diameter and 2mm thickness were formed using
uniaxial hydraulic press under pressure of 4.88kg/cm? for 10 minutes. Detail of sintering
the pellets of all samples is summarized in Table 1. Conductivity of pellets was
measured using two probe method with the help of Wayne Kerr 6440B LCR meter.
Following equations were used to calculate the conductivity.

p = (Ravg = A)/L (1.1)

c=1/p (1.2)
where; p, o, Rayg, A and L Resistivity, conductivity, Average resistance at various
temperatures, Area and thickness of pellet respectively.

3 Results and Discussions

3.1 Phase composition

Fig. 1 shows the XRD patterns of NDC20 and NDC25. It can be seen clearly that
synthesized powders were free from impurities. Both the samples exhibited cubic
fluorite structure. It can also be noticed that the peaks shifted towards the lower value of
20 when dopant concentration increased from 0.2 to 0.25. This effect of dopant
concentration was later confirmed by analyzing the larger value of inter-planar spacing
“d” that resulted into increase of lattice parameters as well for NDC25 as compared to
NDC20. Fig.2 shows the XRD patterns of NDC25, NYDC and SNDC. It is evident from
these patterns that all the samples are free from impurities. It was also noticed that
addition of Y and Sm did not affect the cubic fluorite structure of NDC. However, Co-
doping reduced the crystallite size. This could have happened due to the heterogeneous
nucleation due to the addition of co-dopants. Fig. 3 shows the XRD patterns of samples
prepared by adding K,COs. Here the inclusion with carbonates did not appear in XRD
peaks because of the amorphous nature of K,COj3 Broader peaks obtained for KNDC10
and KNDC?20 that is an indication that the crystallites formed using K,CO3 were smaller

in size This was also confirmed by analyzing these X-ray diffraction peaks using
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Fig. 1 XRD patterns of NDC20 and NDC25
FWHM values of corresponding higher intensity peaks the samples. Table 1 summarizes

the results obtained by XRD patterns of all the samples prepared. It can be seen that with
increase in dopant concentration the lattice parameters were also increased that follows
the Vegard's rule[5].
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Fig.2 XRD patterns of NDC25, NYDC and SNDC
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Fig.3 XRD patterns of NDC25, KNDC10 and KNDC20
Table 1: Results obtained from XRD analysis
Composition Lattice Lattice Strain Crystallite
Parameter (A) (%) size(nm)
NDC20 5.44 0.05 53
NDC25 5.47 0.06 41
NYDC 5.47 0.06 13
SNDC 5.46 0.06 15
KNDC10 5.48 0.06 15
KNDC20 5.46 0.06 13

3.2 Microstructure Analysis

As the carbonates didn’t appear in XRD peaks therefore, presence of carbonates was

confirmed by SEM/EDS. Figures 4a and 4b also show homogeneity and small grains

can be seen. These small grains may have contributed into better densification and

lowering the sintering temperature of NDC25. Therefore if the desired microstructure

can be formed, the maximum value of conductivity can be achieved. Figures 5a and 5b
show EDS analysis of KNDC10 and KNDC20 respectively. Presence of K, C and O can

be seen on both samples that is an indication that carbonates have been successfully

incorporated with NDC. As the powder particle size greatly improved the conduction

95



Annexure |1l
Submitted in Journal of Electroceramics

mechanism we prepared three samples of NDC25 at two different pH values because pH
has great influence in nucleation and growth mechanisms.
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Fig.4 SEM/EDS images of (a): KNDC10 and (b): KNDC20

Counts
wn
o
(=}
|
OKa |
'NdMa-

— Cela
Cel b Ndlla
" Ndlb

— CeMa

-~
1000
900 -
300 bi ! | | E—
700
500 —{{{—
P
g T [ 3
- 400 —{ 2 é ! § #éj &
A5 Z | s Z|
% 3 2104 £
,, ) b
100 || i |
04 ‘ - T T -

|
5.00 10.00

o—
=1
1
=
=)
-]
=
=1

0.00 1.00 2.00 3.00 4.00 5.00 6.

keV

Fig. 5 (a): EDS results of KNDC10 (b): EDS results of KNDC20

96



Submitted in Journal of Electroceramics

12 T

10, pH3 ;
@ Average particle size
T8 before calcination
$
3 6
54
£
=

25
0

101 10° 10!

Particle Size(pum)

pH3

Average particle size
after calcination

Particle Size Distribution (%)

101 100 100
Particle Size (um)

Fig. 6 Particle Size distribution before and after calcination at pH3

97

Annexure 111



Annexure 111
Submitted in Journal of Electroceramics

pH10 |

Average particle size
before calcination

10

Particel Size Ditribution(%)

Particle Size (um)

T T

Average particle size after
calcination

10

Ll %

£

Particle Size Distribution(%e)

L i 1

° P 20 10!
Particle Size (um)

Fig. 7 Particle Size distribution before and after calcination at pH10

The comparison between particle sizes at pH3 and 10 is summarized in Table 2. Fig.6
and Fig.7 show a comparison of powder particle sizes before and after calcination at
pH3 and pH10. Both the figures comprise of two parts which shows particle size
distributions before and after calcination of prepared samples of NDC25. For pH3 it can
be seen that particles with maximum particle size distribution of 11.08% with particle

size of 0.389 um and the average particle size obtained before calcination was 2.58 um.
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When this powder was calcined at elevated temperature, the average particle size
reduced from 2.58 um to 0.97 um.

As for pH10 it can be seen that particles with maximum particle size distribution of
14.53 % with particle size of 3.905 um and the average particle size obtained before
calcination was found to be 4.214um. When this powder was calcined at elevated
temperature, the average particle size reduced from 4.214 pum to 1.1 um. Further the
pellets were formed to check the electrical conductivity of all the prepared samples. This
reduction in particle size helped to reduce the sintering temperature and increased the
conductivity.

Table 2: Effect of pH on average particle size

pH Average particle size | Average particle size
before calcination (pm) after calcination (pm)
3 2.58 0.97
10 421 1.1

4  Electrical conductivity measurement

Fig.8 shows the Arrhenius plots of DC electrical conductivity of all the prepared
samples. Two probe DC conductivity method was implemented to measure the DC
electrical conductivity of pellets. For this purpose, pellets with thickness of 2 mm and
diameter 10mm were fabricated and their resistances were measured at different
temperatures ranging from 200-700°C using WAYNEKERR 6440B LCR meter. Fig.7
clearly shows the difference in conductivity curves of NDC20 and NDC25. The
maximum conductivity of NDC20 at 650 °C reached up-to a value of 3.67*10° S/cm
and for NDC25 the maximum conductivity at this temperature was found to be 7.97*10
®> S/cm. To further improve the conductivity value of NDC25, we slightly introduced
Yttrium and Samarium as co-dopants. Both the co-dopants brought a reasonable
increase in conductivity values but SNDC exhibited better conductivity as compared
with NYDC. This showed that Samarium and Neodymium are better co-dopants for
ceria [35]. Effect of carbonates on conductivity was also measured. KNDC10 and
KNDC20 greatly improved the conduction properties of NDC25. Table 3 summarizes

the DC electrical conductivity values of all prepared samples.
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Fig.8 Combined DC conductivity curves of NDC20, NDC25, NYDC,
SNDC, KNDC10 and KNDC20

Carbonates remains in amorphous phase when slight quantity is added into doped ceria
ceramics. This second phase helped to improve the conduction mechanism by making an
extra layer and also contributed into introduction of disordered regions which enhance
ionic conductivity [36].

Table 3: DC conductivity values of all prepared samples

Sample Name DC conductivity at 650-
700°C(S/cm)
NDC20 3.67x10°
NDC25 7.97x10°
NYDC 1.26x10*
SNDC 1.69x10*
KNDC10 3.46x10™
KNDC20 1.05 x107

Inclusion of carbonates caused multi ions effect that greatly increased the intrinsic and

extrinsic charge carriers and ultimately helped to enhance the conduction process [2].
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Carbonates increases the densification of electrolytes and improves cell efficiency. Co-

doping with carbonates increases the concentration of oxide ions and forms common

pathways between doped ceria and carbonates. These pathways facilitate ionic flow. The

ionic conductivity shows a remarkable difference between the electrolytes without

inclusion of carbonates and with small addition of carbonates [37].

5 Conclusions

Promising results were obtained using sol-gel route. XRD analysis showed that all the

synthesized materials exhibited cubic fluorite structure and particle size increased with

increasing pH. Co-doping effect confirmed that Sm and Nd are better co-dopants for

ceria as compared to Y. DC conductivity results proved that NDC25 is better ionic

conductor than NDC20 at 650°C with a value of 7.97*10® S/cm. Addition of small

amount of K,CO3(20v%) greatly enhanced the conductivity value upto 1.05x10° S/cm .

We recommend that NDC25 with small amount of K,CO3; may be a better ionic

conductor for low temperature solid oxide fuel cells.
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